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ABSTRACT
Using varying models for the star formation rate (SFR) of Population (Pop) III and
II stars at z > 6 we derive the expected redshift history of the global 21 cm signal
from the inter-galactic medium (IGM). To recover the observed Thomson scattering
optical depth of the cosmic microwave background (CMB) requires SFRs at the level
of ∼ 10−3 M⊙ yr
−1 Mpc−3 at z ∼ 15 from Pop III stars, or ∼ 10−1 M⊙ yr
−1 Mpc−3
at z ∼ 7 from Pop II stars. In the case the SFR is dominated by Pop III stars, the IGM
quickly heats above the CMB at z & 12 due to heating from supernovae. In addition,
Lyα photons from haloes hosting Pop III stars couple the spin temperature to that
of the gas, resulting in a deep absorption signal. If the SFR is dominated by Pop II
stars, the IGM slowly heats and exceeds the CMB temperature at z ∼ 10. However,
the larger and varying fraction of Pop III stars is able to break this degeneracy. We
find that the impact of the initial mass function (IMF) of Pop III stars on the 21
cm signal results in an earlier change to a positive signal if the IMF slope is ∼ −1.2.
Measuring the 21 cm signal at z & 10 with next generation radio telescopes such as
the Square Kilometre Array will be able to investigate the contribution from Pop III
and Pop II stars to the global star formation rate.
Key words: diffuse radiation – dark ages, reionization, first stars – stars: Population
II – galaxies: high-redshift – galaxies: formation
1 INTRODUCTION
The star formation history (SFH) of galaxies and the phys-
ical state of the intergalactic medium (IGM) at z > 6
is of key importance to understand the transition of the
Universe from a neutral to highly ionized state and the
sources responsible for it. The observational situation has
made significant progress over the recent years. The Thom-
son scattering optical depth of the cosmic microwave back-
ground (CMB) suggest that the IGM was re-ionized by
z ∼ 11 (Komatsu et al. 2011; Planck Collaboration XVI
2014). In addition, Lyα emitters allow to estimate the de-
gree to which the IGM is re-ionized at z ∼ 7 (Ota et al.
2008; Kashikawa et al. 2006, 2011). As for the galaxy pop-
ulation, the Hubble Space Telescope (HST) with Wide Field
Camera 3 (WFC3) allowed to derive stellar masses and star
formation rates for galaxies at z > 6 (e.g., McLure et al.
2011; Bouwens et al. 2012). These are complemented by af-
terglow measurements of γ-ray burst, which suggest similar
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cosmic star formation histories at z ∼ 6 − 8 (Yu¨ksel et al.
2008; Kistler et al. 2009, 2013). Despite these successes, the
physical interpretation of the observations is still partly de-
generate as to the detailed redshift evolution of the SFH
and physical state of the IGM at z > 6. This is mainly
because the CMB observations are interpreted assuming
instantaneous reionization, and observations of the galaxy
population only probe the bright-end (> L∗) of the lumi-
nosity function at high redshifts securely (Ono et al. 2012;
Shibuya et al. 2012; Finkelstein et al. 2013). Moreover, the
SFH of Population (Pop) III stars and their impact on
the IGM is very complex. Despite recent state-of-the-art
simulations of Pop III stars formation (e.g. Yoshida et al.
2008; Turk et al. 2009; Clark et al. 2011; Stacy et al. 2012;
Wise et al. 2012a; Ahn et al. 2012; Umemura et al. 2012;
Susa 2013; Hirano et al. 2014; Stacy & Bromm 2014), un-
derstanding of their formation over a wide range of physical
conditions and redshift range (z = 6 − 30) is still lacking.
One promising way to resolve these issues is the observa-
tion of the 21 cm line from the IGM at z > 6 by the LOw
Frequency ARray (LOFAR; Harker et al. 2010), the Murchi-
son Widefield Array (MWA; Lonsdale et al. 2009), and the
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Square Kilometre Array (SKA; Dewdney et al. 2009). For
example, LOFAR covers z . 11 with the angular resolution
of ∼ 3”, and SKA will cover more wide range surveys at
z . 19 with a higher resolution of ∼ 1”.
The 21 cm emission is sensitive to the ionization state
of hydrogen, gas temperature and the Lyα radiation field,
which are controlled by the first stars, galaxies, and quasars
(QSOs) (Yajima & Li 2014). Previous works has addressed
the detailed structures of 21 cm emission around Pop III
stars (Chen & Miralda-Escude´ 2004, 2008; Tokutani et al.
2009; Yajima & Li 2014), galaxies (McQuinn et al. 2006;
Mellema et al. 2006; Kuhlen et al. 2006; Wyithe & Loeb
2007; Semelin et al. 2007; Baek et al. 2009; Mesinger et al.
2011; Iliev et al. 2012), and QSOs (Wyithe et al. 2005;
Geil & Wyithe 2008; Alvarez et al. 2010; Datta et al. 2012;
Yajima & Li 2014). Their work suggests that future obser-
vations are able to resolve the 21 cm structure around giant
Hii region made by massive galaxies like QSO hosts, while it
will be difficult to detect individual sources around typical
galaxies or Pop III stars (Yajima & Li 2014). The distribu-
tion of giant Hii bubbles as probed by 21 cm observation will
thus give us valuable information about structure formation
and cosmology (see also, Chongchitnan & Silk 2012).
An alternative approach is to focus on the redshift his-
tory of the global 21 cm emission, focusing on the spatially
averaged value instead (Furlanetto 2006; Pritchard & Loeb
2008; Mirocha et al. 2013). Instead of the detailed structure
around sources, the global signal reflects the statistical na-
ture of stars and the IGM, e.g., the global star formation
history of Pop II & III stars, the mean degree of ioniza-
tion and temperature of the IGM, and the mean intensity
of Lyα radiation. Previous studies investigated the redshift
evolution of the differential brightness temperature (δTb)
with different free parameters for the heating rate and SFR
(Pritchard & Loeb 2008). In this work, we revisit earlier at-
tempts by taking into account recent progresses on cosmic
reionization and the star formation history of galaxies. We
construct models that match the latest observations, and in-
vestigate effects of Pop II & III stars on the redshift history
of the global 21 cm emission.
Our paper is organized as follows. We describe our
model in Section 2. In Section 3, we show the redshfit evolu-
tion of the ionization degree, temperature, and 21 cm signal
of the IGM. In Section 4, we investigate the effects of black
holes and initial mass function of Pop III stars on the 21 cm
signal. Finally, in Section 5, we summarise our main conclu-
sions.
2 MODEL
In the following sections we lay out our model assump-
tions. Throughout this paper we use the cosmological pa-
rameters ΩM = 0.26,ΩΛ = 0.74 and h = 0.72 as in-
ferred by the WMAP 7-year data (Komatsu et al. 2011),
which are consistent with the results of the Planck mission
(Planck Collaboration XVI 2014), and do not change the
results of our study significantly.
2.1 Star formation history
We start by constructing models of the Pop II and III SFH.
A common fit to the Pop II SFRD is given in Bouwens et al.
(2011) as:
M˙PopII⋆ = (a+ bz)h/
[
1 + (z/c)d
]
M⊙ yr
−1 Mpc−3 (1)
where (a, b, c, d) are fitting parameters, with best fitting val-
ues a = 0.017, b = 0.13, c = 3.3 and d = 5.3. In the fol-
lowing we will refer to this as our fiducial model. There is
some degree of discussion as to the appropriate values for
the free parameters. For example, d = 7 fits the SFRD from
the galaxy population reported in Oesch et al. (2013), while
c = 4.5 matches GRBs observations by Yu¨ksel et al. (2008);
Kistler et al. (2009, 2013). The latter discrepancy has been
argued is a result of GRBs probing star formation rates in
galaxies below the detection limit of surveys. Integrating
the observed luminosity function of galaxies under the as-
sumption of a faint-end slope α ∼ −1.7 down to L = 0
brings both estimates in agreement. We, however note that
the faint-end slope is highly uncertain within the current
detection limits of galaxy observations (e.g., Khochfar et al.
2007; McLure et al. 2011) and the simple fit to the lumi-
nosity function may be broken at low luminosity due to the
strong suppression of star formation in low-mass galaxies
by radiative and supernovae feedback (Wise et al. 2012b;
Hasegawa & Semelin 2013). In addition, the sample of GRBs
at z > 6 is still very small (∼ a few). Therefore, considering
the uncertainties, we investigate two alternative star forma-
tion models, a high star formation model (Pop IIb) with
d = 7.0 and a low one (Pop IIc&d) with c = 4.5. Moreover,
recent galaxy observations suggested that SFRD steeply de-
creases with increasing redshift at z > 8 (e.g., Oesch et al.
2013). Theoretical modeling based on the collapse fraction
of haloes showed SFRD falls exponentially at high-redshift
(e.g., Pritchard & Loeb 2010; Mirocha et al. 2013). There-
fore, as an additional model, we consider the exponential de-
cay model (PopIIe) at z > 8 with SFRD = b× exp(−a× z)
where a and b are fitting parameters. The PopIIe model
follows PopIIa at z 6 8. The fitting parameters are cho-
sen to match the observational data by Oesch et al. (2013,
2014), and they are a = 1.6 and b = 7.0 respectively. A
summary of the models is listed in Table 1. The number of
Lyα and ionizing photons emitted from the source stars is
computed based on the theoretical spectral energy distribu-
tion (SED) given by the population synthesis code PE´GASE
v2.0 (Fioc & Rocca 1997) with a metallicity of Z = 10−2Z⊙
(e.g., Wise et al. 2012b) and Salpeter IMF.
On the other hand, for the Pop III stars, the Lyα and
ionizing photon emissivities are not sensitive to the IMF, it
is roughly proportional to total stellar mass alone, because
the effective temperature is almost constant at T ∼ 105 K
and the luminosity scales close to linearly with the mass
(Bromm et al. 2001b). Hence we use the ionizing photon
emissivity of 120 M⊙ stars derived by Schaerer (2002) and
estimate the total ionizing photon emissivity per solar mass
by dividing by 120 M⊙, and assume the effective temper-
ature of T = 105 K to estimate Lyα photons from stellar
continuum radiation. In addition, there are no strong obser-
vational constraints on the PopIII SFR. In the case of Pop III
stars, their formation rate is reduced due to metal enrich-
ment by supernovae (e.g., Omukai et al. 2008; Maio et al.
c© 2008 RAS, MNRAS 000, 1–13
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2011; Wise et al. 2012b; Johnson et al. 2013). As a result,
the SFRD of Pop III stars might have a peak at a spe-
cific redshift. Hence, we use the simple exponential decay
model with a peak at the typical Pop III star forming red-
shift z = 15 (e.g., Yoshida et al. 2008; Johnson et al. 2013)
as follows,
M˙PopIII⋆ = A× exp(−|z − 15|/B) M⊙ yr
−1 Mpc−3 (2)
where A and B are again fitting parameters. The parameter
“A” is the amplitude factor, and the “B” controls the steep-
ness of the redshift dependence. Even with state-of-the-art
simulations of Pop III stars, there is a large room in the mean
values and redshift evolution, because of the difficulties to
resolve the initial mass function, the metal/dust enrichment
and radiative/supernovae feedback. Recent radiative hydro-
dynamics simulations show a weak redshift evolution with
SFRD ∼ 10−4 − 10−5 M⊙ yr
−1 (Wise et al. 2012b). There-
fore, we consider slow redshift evolution models (B = 10.0)
with a high SFRD (PopIIIa: A = 10−3) and a lower one
(PopIIIc: A = 10−5). In addition, we construct a rapid red-
shift evolution model (PopIIIb) with A = 10−2 and B = 1.0.
These star formation models are shown in Figure 1. We
see the SFHs of Pop II stars satisfy recent observations. In
addition, recent cosmological simulations by Johnson et al.
(2013) including supernova feedback predict star formation
rates similar to those assumed by our models. The bottom
panel of the Figure 1 shows the cumulative stellar mass as
a function of redshift. Current observation are still highly
uncertain at z & 6. Note that we here estimate the stellar
mass by integrating the SFRD. Our PopIIa or PopIIb mod-
els roughly recover the observed stellar mass density (SMD)
at z 6 8, while they are above the observed ones at z ∼ 10.
However, the SMD at z ∼ 10 was estimated from only four
bright galaxies. Therefore, there is a large uncertainty in the
contribution from low-mass galaxies. If the faint-end slope
is steeper, the SMD can increase significantly. The PopIIe
follows the observed SMD at z ∼ 5− 10. In the case of mas-
sive Pop III stars, their life times are short and they end as
either Type-II supernovae or direct collapse to black holes
(Heger & Woosley 2002). As a result, the Pop III cumulative
mass is an overestimate of the actual stellar mass.
The SFRD in model PopIIa is higher than that of PopI-
IIb and PopIIIc at z & 18 in contrast to expectations from
models. However, the contribution of PopII stars in this
model towards cosmic reionization and the 21 cm signal at
z & 18 is negligible and does not impact our conclusions.
For the PopIIa+PopIIIb model, we turn off the formation
of Pop II stars when the SFRD of Pop II stars is higher than
that of Pop III stars at z & 18.
2.2 Ionization history
Based on the above models for the SFRD, we derive cos-
mic reionization histories. Some fraction of ionizing photons
from stars can escape from halos and ionize the surround-
ing IGM (Hasegawa & Semelin 2013; Paardekooper et al.
2013). Recent theoretical work shows the escape fraction is
∼ 0.2 for typical galaxies (Yajima et al. 2009, 2011, 2014;
Razoumov & Sommer-Larsen 2010), and ∼ 0.5 for dwarf
galaxies or Pop III stars (Abel et al. 2007; Whalen et al.
2004; Kitayama et al. 2004; Paardekooper et al. 2013).
Here, we assume fesc = 0.5 for Pop III stars and fesc = 0.2
for Pop II stars for our fiducial models, and fesc = 0.5 for
one additional model of the Pop II SFH (PopIId). Using
these models the redshift evolutions of volume fraction of
Hii region is calculated as (Barkana & Loeb 2001):
dQHII
dt
=
1
n0H
n˙γIon − αBC(1 + z)
3n0HQHII (3)
where QHII is the volume fraction of Hii, n
0
H is the present-
day hydrogen number density (∼ 1.9 × 10−7 cm−3), n˙γIon
is a number density of the escaped ionizing photon, αB is
the case-B recombination rate, and C is a clumpiness factor
of IGM. We assume the recombination rate at T = 104 K
(αB = 2.59 × 10
−13 cm3 s−1) and C = 3 which is suggested
by numerical simulations (Pawlik et al. 2009; Jeon et al.
2014). Free electrons produced by cosmic reionization con-
tributes to the Thomson scattering optical depth (τe) in
CMB observations which is estimated by
τe =
∫
∞
0
σTne(z)c
∣∣∣∣ dtdz
∣∣∣∣ dz, (4)
where
dt
dz
=
1
(1 + z)H0
√
ΩM(1 + z)3 + ΩΛ
. (5)
In this work, we assume the single ionization rate of helium
is the same as the one for hydrogen at z > 3, and the dou-
ble ionization takes place at z < 3 (e.g., Wyithe et al. 2010;
Inoue et al. 2013). Recent simulations show that indeed the
fraction of Heii is close to the Hii fraction at the high red-
shift, although the ionization fraction of helium is slightly
lower than the one for hydrogen (Ciardi et al. 2012).
2.3 Thermal evolution
Before z ∼ 150, the temperature of the gas is given by
its coupling to the CMB via Compton scattering (Peebles
1993). Thereafter, gas starts to decouple from the CMB and
the temperature decreases by adiabatic expansion (1 + z)2,
while that of the CMB does as (1+z). However, as structure
grows, additional heating sources can form. In particular, X-
ray photons can travel for long distance and partially ionize
the IGM, and become important sources for the global 21 cm
emission (Furlanetto 2006; Mirocha et al. 2013). To account
for this we include the X-ray emission from supernovae as
estimated in Furlanetto (2006),
LSNX = 1.6×10
40fe
(
ǫe
0.05
νSN
0.01M−1⊙
ESN
1051erg
SFR
1M⊙ yr−1
)
erg s−1,
(6)
where fe is the deposited energy fraction from acceler-
ated electrons in supernova shocks into X-ray energy, ǫe
is the conversion fraction from total supernova energy to
the acceleration of electrons, νSN is the number of super-
novae per unit mass of star formation, and ESN is the to-
tal supernova energy. Following Furlanetto (2006), we use
the values of fe = 0.5, ǫe = 0.05 νSN = 0.01 M
−1
⊙ ,
ESN = 10
51 erg for Pop II stars. Hence, the X-ray lu-
minosity from Pop II stars is simply given by LSNPopII,X =
0.8× 1040(SFR/M⊙ yr
−1) erg s−1. The typical mass of Pop
III stars is likely to be much higher than that of Pop II due
to the higher Jeans mass and accretion rate at their for-
mation (e.g., Bromm et al. 2001a; Nakamura & Umemura
c© 2008 RAS, MNRAS 000, 1–13
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2001; Abel et al. 2002; Yoshida et al. 2008; Hosokawa et al.
2011; Umemura et al. 2012). Very recently, Hirano et al.
(2014) suggested that the mass of Pop III stars significantly
changes depending on the formation sites and that the initial
mass function might be flat with the mass ranging from ∼ 10
to ∼ 500 M⊙. Hence, νSN should be higher than 0.01 M
−1
⊙
for Pop III stars. We here assume a flat shape with mass
range 10 − 500 M⊙ giving νSN ∼ 0.17 (Heger & Woosley
2002). In addition, Pop III stars of 120 − 260 M⊙ end
their lifes as pair-instability supernovae with energies ∼
1053 erg s−1. As a result, the X-ray luminosity is esti-
mated by LSNpopIII,X = 1.0 × 10
43(SFR/M⊙ yr
−1) erg s−1.
In this work, we use the flat IMF in our fiducial model, and
then investigate the impact of different IMF slopes on the
21 cm signal. The energy fraction from X-rays that goes
into heating the IGM (fX,heat) is estimated by fX,heat =
0.9971
[
1− (1− xHII)
1.3163
]
(Shull & van Steenberg 1985).
Considering the X-ray heating, the temperature evolution
of Hi gas is derived from (Maselli et al. 2003; Yajima & Li
2014)
dTHI
dt
=
2
3kBnH
[
kBTHI
dnH
dt
+ ΓX,heat
]
, (7)
where THI is the temperature of neutral hydrogen gas and
ΓX,heat is the X-ray heating rate. The first term on the right
hand side of the equation represents the cooling due to cos-
mic expansion. The contribution from supernovae to cosmic
reionization is not significant (Johnson & Khochfar 2011).
Hence we do not include the ionization by X-ray photons.
2.4 Lyα background radiation
With the onset of star formation the Lyα background field
starts appearing. Lyα radiation plays a key roll in deter-
mining the spin temperature via the Wouthuysen-Field ef-
fect (Wouthuysen 1952; Field 1958; Hirata 2006). There are
mainly two sources of Lyα radiation, one is due to the re-
combination processes in Hii regions, another is stellar con-
tinuum radiation in the frequency range from the Lyman-
limit to Lyα. Stellar continuum radiation contributes to Lyα
photons via the transition to the higher levels of the Lyman
series (Lyγ,Lyδ..) and cascade decay passing through from
the 2p to the 1s state or the frequency shift to Lyα by cosmo-
logical redshifting. Previous studies of the global 21 cm emis-
sion, only took into account continuum stellar radiation from
PopII because of its dominant contribution with respect to
recombinations in the IGM or haloes. However, in the case
of Pop III stars, the Lyα luminosity from the recombination
process is larger than that of the continuum radiation due
to the high effective temperature (Bromm et al. 2001b) of
the star. In addition, due to the small size of Hii regions
(∼ kpc), Lyα photons can be efficiently scattered at the
outer Hi edge (Yajima & Li 2014). On the other hand, dur-
ing the era when Pop II stars are dominant sources of ioniza-
tion, the typical size of HII bubble can be lager (Iliev et al.
2012; Wise et al. 2012b). Therefore, Lyα photons from ha-
los may travel in the neutral IGM without scatterings due
to the large velocity offset by the Hubble flow. In this work,
hence, we apply Lyα photons from haloes for the calcula-
tion of TS when the SFRD of Pop III stars is higher than
that of Pop II stars or XHII < 0.5. However, note that,
even at lower redshift z ∼ 7, recent observation suggested a
large fraction of Lyα flux is scattered because of surround-
ing residual Hi gas (Kashikawa et al. 2011). Theoretically,
Laursen et al. (2011) showed that 0.8 of Lyα photons from
galaxies at z = 6.5 were scattered by the IGM, despite most
of the IGM was ionized. The IGM transmission to Lyα pho-
tons is complicated because of the inhomogeneous HI and
velocity distribution around galaxies, hence it is still contro-
versial. Here, we use this simple model and will investigate
detailed effects of Lyα photons from haloes on the IGM by
numerical simulations in future work. For Lyα photons from
the recombination in the IGM, the position of sources can
be close to neutral IGM patches, hence some of them are
scattered even when the IGM is highly ionized. Hence, we
consider Lyα photons from the IGM for all cases. This may
overestimate the number of Lyα scattering per atom, how-
ever, the effect of Lyα photons from the IGM is negligible
because the emissivity is quite small due to the long recom-
bination time scale of the IGM as shown in the later section.
Thus, we estimate the Lyα emissivity and its relation with
the 21 cm signal as follows:
ǫLyα = ǫ
rec
IGM + ǫ
rec
ISM + ǫ
cont
star (8)
where
ǫrecIGM = 0.68hναn
2
H(1 + fHe)αBQHII, (9)
ǫrecISM = 0.68hναn˙Ion(1− fesc), (10)
ǫcontstar = fconv ×
∫ 1216A˚
912A˚
Lν
hν
dν. (11)
The ǫrecIGM, ǫ
rec
ISM and ǫ
cont
star are the Lyα emissivities from
Hii regions in the IGM, ISM, and the stellar continuum radi-
ation, respectively. The να is the Lyα frequency. The factor
0.68 is the average probability of T = 104 K gas that a re-
combination process emits a Lyα photon via the 2p-1s state
transition. The fconv is the conversion probability from the
continuum to Lyα line, it is 0.63 for Pop III stars and 0.72
for Pop II stars (Pritchard & Furlanetto 2006). These dif-
ferent values are due to the different slope of SEDs at the
frequencies between Lyα and Lyman limit. As explained
above, ǫrecISM = 0 for SFRD(Pop II) > SFRD(Pop III) or
XHII > 0.5. Note that, here Lyα photons from recombina-
tion in the IGM or ISM can be localized, compared to stellar
continuum radiation. However, these recombinations are the
dominant sources for Pop III stars, and Hii bubbles made
by Pop III stars are typically much smaller than the angular
resolution of future 21 cm observation. Hence these photons
can work on the global 21 cm emission signal. The mean val-
ues may differ between our simple model and coarse grained
ones from detailed 21 cm structures around sources. We will
investigate the detailed structure of 21 cm signal by using
cosmological simulations in future work. In addition, even
if Lyα photons are scattered by the surrounding IGM, the
propagation distance from Pop III stars can be small during
the early phase of their stellar evolution (Yajima & Li 2014).
If so, the contribution of Lyα photons from the ISM to the
global 21 cm signal can be negligible. Given the uncertain-
ties we therefore also investigate the 21 cm signal without
Lyα photon contribution from the ISM.
c© 2008 RAS, MNRAS 000, 1–13
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a b c d fesc
PopIIa 0.017 0.13 3.3 5.3 0.2
PopIIb 0.017 0.13 3.3 7.0 0.2
PopIIc 0.017 0.13 4.5 5.3 0.2
PopIId 0.017 0.13 4.5 5.3 0.5
PopIIe 1.6 7.0× 10−3 — — 0.2
Table 1. Model parameters for the Pop II SFRD. For PopIIa-c,
the parameters a− d relate to the SFRD as a function of redshift
via SFRD = (a + bz)h/
[
1 + (z/c)d
]
. The parameters of PopIIe
are used for the exponential decay model at z > 8 using SFRD =
b × exp(−az). At z 6 8, the SFRD of the PopIIe is the same as
for model PopIIa. The parameter fesc is the escape fraction of
ionizing photons from haloes.
The mean intensity is then estimated by
Jα =
ǫLyα × c
4π
. (12)
2.5 Spin temperature
Finally we derive the 21 cm flux by considering the ion-
ization, temperature and Lyα radiation field estimated in
above equations. The differential brightness temperature to
CMB is estimated by (Furlanetto 2006),
δTb = 28.1 mK xHI(1 + δ)
(
1 + z
10
) 1
2 Ts − TCMB
Ts
(13)
where δ is the overdensity, TS and TCMB are the spin tem-
perature and CMB temperature respectively. Since we focus
on the spatial mean of the 21 cm emission, we assume δ = 0.
The spin temperature is changed by
T−1s =
T−1CMB + x
−1
α T
−1
c + x
−1
C T
−1
gas
1 + xα + xC
(14)
where TC is the color temperature of the Lyα line, Tgas is the
kinetic temperature of the gas, xα and xC are the coupling
coefficients of Lyα photon scattering and gas collision, re-
spectively. These coefficients are estimated as (Hirata 2006)
xα = 1.81× 10
11(1 + z)−1SαJα, (15)
xC =
T⋆
A10TCMB
(CH + Cp + Ce), (16)
where Sα is the scattering amplitude factor, T⋆ = 0.068 K,
A10 = 2.85 × 10
−15 s−1 is the spontaneous emission factor
of the 21 cm transition, Pα is the number of scatterings of
Lyα photons per atom per second, CH, Cp and Ce are the de-
excitation rates due to collision with neutral atoms, protons,
and electrons, respectively. We use the fitting formula given
by Hirata (2006) for the Sα and that by Liszt (2001) and
Kuhlen et al. (2006) for the de-excitation rates.
Since TC quickly settles into Tgas owing to the recoil
effect of Lyα photon scattering, TC = Tgas is assumed in
our calculations. The spin temperature depends sensitively
on the coupling due to Lyα scattering and collision. When
the coupling is strong, TS becomes ∼ Tgas.
A B fesc
PopIIIa 5× 10−4 10.0 0.5
PopIIIb 4× 10−3 1.0 0.5
PopIIIc 5× 10−5 10.0 0.5
Table 2. Model parameters for the Pop III SFRD. The SFRD
is modeled as SFRD = A× exp(−|z − 15|/B).
τe ztr
PopIIa + PopIIIa 0.087 11.5
PopIIa + PopIIIb 0.095 15.2
PopIIa + PopIIIc 0.052 7.7
PopIIa 0.048 7.5
PopIId 0.086 10.4
PopIIe+PopIIIa 0.084 11.0
PopIIe 0.045 7.2
Table 3. Thomson scattering optical depths of different models.
ztr is redshift at when the IGM temperature exceeds the CMB.
3 RESULTS
3.1 Ionization history
Ionization histories of the IGM are shown in Figure 2. At
z > 15, most of the IGM in a neutral state for all models. At
z < 15, the ionization history of the individual models starts
deviating from each other depending on their star formation
histories. In the cases of Pop II stars alone, the ionization
degree monotonically increases with time. For example, the
case of PopIId reaches XHII = 0.5 at z = 9.8, while it is at
z = 6.4 in the case of PopIIa, because the ionizing photon
emissivity of PopIId is higher than that of PopIIa by factor
∼ 5. The ionization degree in the PopIIe model is very small
at z < 8, then it catches up with that of PopIIa at z 6 8.
Inclusion of Pop III stars in general changes the ionization
degree to higher values as they provide an additional source
of ionizing photons, and shifts the redshift of reionization to
higher z.
The PopIIa+PopIIIa model shows the IGM is started
to be ionized earlier (XHII ∼ 0.1 at z = 16.4), then the ion-
ization degree slowly evolves and reaches to XHII = 0.5 at
z = 8.3. In addition, the PopIIe+PopIIIa model also shows
a similar ionization history. This is because the ionizing pho-
ton emissivity of Pop III stars is dominant at z > 8.3, and
that of the Pop II stars becomes almost the same as that in
the PopIIa model. In the case of PopIIa+PopIIIb, the ioniza-
tion history shows the more complex evolution. Due to the
strong peak of the SFR of PopIII stars, at z ∼ 14 most of
gas is highly ionized once. As the PopIII SFR decreases, the
ionization fraction XHII drops back to a moderately neutral
state XHII ∼ 0.24 at z = 8.6. At z < 8, the IGM is highly
ionized again due to the PopII stars (XHII ∼ 0.5 at z = 6.6).
In addition, despite the redshift evolution of the PopIII SFR
is symmetric with a maximum at z = 15, the redshift evolu-
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Figure 1. Upper panel: Redshift evolution of cosmic star forma-
tion rate density. Different lines represent different star formation
models shown in Table 1 and Table 2. Symbols show the observa-
tional data. Filled triangles are from Bouwens et al. (2007, 2012),
and filled squares are from Oesch et al. (2013, 2014). Open cir-
cles are from CRASH cluster detections (Bouwens et al. 2014;
Zheng et al. 2012; Coe et al. 2013). Open squares are derived
from gamma-ray bursts (Kistler et al. 2013). Green and yellow
shade regions represents the star formation rate densities of Pop
III and II stars respectively, calculated in the cosmological sim-
ulations by Johnson et al. (2013). The range of y-axis shows the
models with or without the Lyman-Werner UV background which
can suppress formation of hydrogen molecules. Lower panel: Cu-
mulative stellar mass density of Pop III and II stars with dif-
ferent models. Symbols represent the observational data from
Gonza´lez et al. (2011, open squares), Stark et al. (2013, filled tri-
angles), and Oesch et al. (2014, filled circle).
tion of XHII is asymmetric. This is because of contribution
by Pop II stars and the lower recombination rate at lower
redshift which is ∝ (1+ z)6. In the case of PopIIa+PopIIIc,
the contribution by PopIII stars is not significant. The ion-
ization is somewhat enhanced by PopIII stars at z & 10.
As the IGM is ionized, the UV background
forms and can suppress star formation (Susa 2008;
Figure 2. Redshift evolution of the ionization degree of the IGM
with different models.
Faucher-Gigue`re et al. 2010; Yajima et al. 2012). Model
PopIId indicates that gas in galaxies is efficiently converted
into stars, leading to a stronger UV radiation field. Re-
cently Hasegawa & Semelin (2013) showed that the SFRD
is self-regulated by external and internal UV feedback in
cosmological radiation-hydrodynamics simulations. Their
simulated SFRD is similar to our model PopIIa. In addition,
Johnson et al. (2013) presented a co-evolution model of
the SFRD for Pop II and III stars within a cosmological
simulations including metal enrichment and radiative
feedback. The SFRD of Pop III stars in their calculations is
rather flat as a function of redshift which is similar to our
models PopIIIa and PopIIIc. Their results show a Pop II
SFRD that steeply increases with decreasing redshift which
is similar to our PopIIa and PopIIc models.
3.2 Thomson scattering optical depth
The ionization histories in terms of the Thomson scatter-
ing optical depth (τe) for the different models is shown in
Fig. 3. A subset of the models, most notably models with
high PopII or PopII+PopIII star formation at z > 10, are in
good agreement with the observational limits by the CMB
(Komatsu et al. 2011; Planck Collaboration XVI 2014). In-
clusion of PopIII stars proves to be important due to their
top heavy IMF and the associated higher contribution of ion-
izing photons per stellar mass formed. Increasing the PopIII
star formation rate by one order of magnitude at all red-
shift increases the optical depth in model PopIIa+PopIIIc
from τe = 0.052 to 0.087. The optical depth from PopII stars
only in this model is τe = 0.048. The upper limit PopII-only
model PopIId is agreeing as well with the observational lim-
its on τe owing to its high star formation rate. In principle
c© 2008 RAS, MNRAS 000, 1–13
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Figure 3. Thomson scattering optical depth for the same models
shown in Figure 2. Black dashed and doted lines are the observa-
tional data by WMAP (Komatsu et al. 2011) and Planck (Planck
collaboration 2013) with the error of WMAP shown in yellow
shade.
the uncertainty in the star formation history at z > 9 allows
for some of these models to boost the ionization fraction at
z > 9 by increasing the star formation history. Our results
suggest, that the lower limit PopII star formation rate model
PopIIa is not able to catch up with the CMB limits even if
it would reach star formation rates similar to those in the
upper limit model PopIId at z > 9. The fact that the opti-
cal depth is an integrated quantity over redshift results in a
certain degree of smearing out of the different ionization his-
tories. This is most apparent for the models PopIIa+PopIIIa
and PopIIa+PopIIIb which have τe = 0.087 and 0.095, re-
spectively. The latter degeneracy makes the optical depth
only a limited probe of the ionization history of the uni-
verse. As we will show in section 3.4 this degeneracy can be
broken using 21 cm tomography.
In this work, we fix fesc based on recent simulations,
and investigate the 21 cm signal for different SFRD mod-
els. However, fesc is highly uncertain due to the small sam-
ple of observed galaxies from which ionizing flux is detected
(Iwata et al. 2009). Previous work investigating fesc for fixed
SFRD from simulations or observations (e.g., Wyithe et al.
2010; Paardekooper et al. 2013; Jaacks et al. 2013), finds
fesc of ∼ 0.05 − 0.5 depending on the model. The ioniza-
tion history in degenerate in SFRD and fesc as n˙
γ
Ion ∝
SFRD × fesc. A possible way to break this degeneracy is
by combining the ionization history with δTb in future ob-
servations to get an accurate estimate of fesc.
3.3 Spin temperature
Figure 4 shows the redshift evolution of CMB, gas and
spin temperature in different models. The CMB tempera-
ture shows the expected cosmological ∝ (1 + z) evolution,
while the gas adiabatically cools via ∝ (1 + z)2. Once X-
ray heating from supernovae is included in our models, the
gas temperature gradually increases with increasing cosmic
star formation rate exceeding the CMB temperature at lower
redshifts. The gas temperature is going in tandem with the
ionization history due to their mutual dependence on mas-
sive stars either providing ionizing photons or type II su-
pernovae. Similar as in the case of the ionization history
discussed in the previous section the heating rate depends
on the amount of PopII and PopIII star formation, with the
models PopIIa+PopIIIa and PopIIa+PopIIIb exceeding the
CMB temperature at z & 11. The impact of Pop III star for-
mation is highlighted again in the model PopIIa+PopIIIc,
in which gas catches up to the CMB temperature only at
z = 7.7. This is close to the expected redshift of z = 7.5 with-
out any Pop III contribution in this model. In contrast the
upper-limit Pop II star formation model predicts z = 10.4
as the redshift at which the excess starts.
As the gas is heated by X-ray photons, the spin temper-
ature TS starts deviating as well from TCMB because both,
X-ray and Lyα photons are proportional to the SFR. It
stays close to the gas temperature Tgas because of a high
Lyα background. At z & 15 this is due to recombinations
in Hii regions generated by Pop III stars. Once Pop II star
formation dominates at z . 15, the main source becomes
continuum photons from stellar radiation. The small bump
of TS at z ∼ 15 in model PopIIa+PopIIIa is due to our as-
sumptions about the emission of Lyα photons from the ISM
which is turned off at z ∼ 15 as will be explained further in
what follows. The coupling between TS and Tgas depends on
the intensity of the Lyα radiation field as e.g. seen in model
PopIIa+PopIIIc where it is weaker at z > 10.
We present in Figure 5 the detailed redshift evolution of
the coupling coefficients for Lyα scattering xα and gas col-
lisions xC. As shown in Equation 14 for values larger than
unity for either coupling coefficients, the spin temperature
is close to the gas temperature resulting in either positive
or negative 21 cm signals. The coupling constant for colli-
sions xC is always less than unity independent of the star
formation model as it is driven by the density of the IGM,
which is too low at the shown redshifts. Gas collisions thus
play no important role in shaping the 21 cm signal at these
redshfits. xα on the other hand is larger than unity at low
redshifts for most of the models suggesting a strong coupling
between TS and Tgas. Depending on the star formation model
the contributions to xα are either dominated by recombina-
tions in the ISM or continuum radiation from stars. The
recombination signal from the IGM is always below that
from the ISM and plays a minor role. The dominance of
continuum radiation over ISM recombinations is closely re-
lated to the dominance of Pop II star formation over Pop
III star formation because of the SED shape of Pop II stars
which peaks at wavelengths beyond the Lyman limit. As
seen in the PopIIa+PopIIIa and PopIIa+PopIIIb models, xα
sharply drops down at z ∼ 15 because of the way we model
Lyα photons from the ISM. For model PopIIa+PopIIIa, the
SFRD of Pop II stars stays above that of Pop III stars at
c© 2008 RAS, MNRAS 000, 1–13
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Figure 4. Redshift evolution of spin temperature with different
models. Dot and dash lines are gas and CMB temperature, i.e.,
2.7× (1+ z) K, respectively. Long dash lines are gas temperature
without heating by stellar sources, i.e., only expansion cooling is
considered in Equation 7.
z ∼ 15, while XHII becomes larger than 0.5 at z ∼ 15 in
the case of model PopIIa+PopIIIb. Therefore, the contribu-
tion from Lyα photons from ISM is turned off. This artificial
model also affects the redshift evolution of the 21 cm signal,
but it is negligible as shown in the next section.
3.4 The 21 cm emission
Using the result from the previous sections we here derive
the differential brightness temperature of the 21 cm line as
a function of redshift. Figure 6 shows the differential bright-
ness temperature δTb for different models. The colored re-
gions show the ranges covered by LOFAR and SKA. Models
PopIIa and PopIIa+PopIIIc fail to reproduce the observed
value of τe ∼ 0.048 − 0.052 and have δTb < 0 even at
z . 10. Our models that match the observed limits on τe
show δTb > 0 at z . 10, which is due to TS and Tgas being
higher than the CMB temperature. Note however, δTb ∼ 0
for model PopIId at z . 9 because of the high ionization de-
gree of the IGM. In contrast models PopIIa+PopIIIa and
PopIIa+PopIIIb show δTb > 1 down to z ∼ 6 − 7 be-
cause parts of the IGM stay neutral, which matches the
expectations from recent observations of LAEs that sug-
gest some fraction of the IGM is still neutral at z ∼ 6.6
(Kashikawa et al. 2011). However, a very small fraction of
neutral hydrogen distributed around LAEs may change the
Lyα flux and profile, leading to an underestimation of the
ionization degree of IGM. The δTb of PopIIe+PopIIIa is
very similar to that of PopIIa+PopIIIa. Hence, it suggests
that the different SFRD of PopII stars at z > 8 cannot be
resolved by the 21 cm signal for the case that Pop III stars
are dominant ionizing sources. The bump of δTb in model
Figure 5. Redshift evolution of coupling coefficients. Solid and
doted lines are by Lyα scattering and gas collision respectively.
Dashed, long-dashed and dot-dashed lines are the coupling coef-
ficients for Lyα photons considering recombination in the ISM or
IGM, or stellar continuum radiation alone, respectively.
PopIIa+PopIIIa at z ∼ 15 is a result of the ceasing Lyα
photons from the ISM which makes the coupling of TS with
Tgas weaker. In addition, we calculate δTb without Lyα pho-
ton contribution from the ISM for models PopIIa+PopIIIa
and PopIIa+PopIIIb in which the Lyα photons from the
ISM control TS significantly at z & 15 as shown in Figure 5.
As a result, at z & 15 the coupling of TS with Tgas becomes
somewhat weaker, and the absolute values of δTb decrease
by factor ∼ 2. However, the trends for the redshift evolution
of δTb does not change.
The redshift evolution of our model PopIId is similar
to that in previous studies(Furlanetto 2006; Mirocha et al.
2013), i.e., δTb ∼ 0 at z & 20, then negative due to the
coupling of TS and the low gas temperature with respect
to the CMB, positive at z ∼ 10 due to the heating, and
δTb ∼ 0 at z ∼ 6 due to complete reionization of the IGM.
This evolution is clearly distinct to the one in our models
including Pop III stars. As shown in Table 3, the gas temper-
ature in the models with Pop III stars exceeds the CMB at
higher redshift due to the efficient heating. Therefore, mod-
els with efficient Pop III star formation, PopIIa+PopIIIa or
PopIIa+PopIIIb, show earlier transitions of δTb from neg-
ative to positive compared to the models PopIIa+PopIIIc
and PopIId. The models with high Pop III SFR show that
δTb & −50 mK at z ∼ 15, while Pop II stars alone does deep
absorption δTb ∼ −170 mK. In addition, if there is a strong
peak in the Pop III star formation and the IGM is reionized
twice (Cen 2003), the transition of δTb is sharp, which can
be used as a signal for a burst in Pop III star formation.
Future or ongoing 21 cm observation will give us in-
formation about the redshift evolution of δTb. LOFAR will
cover the frequency range of 115 − 180 MHz for the Epoch
c© 2008 RAS, MNRAS 000, 1–13
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of Reionization project1, which will be corresponding to the
21 cm signal from the IGM at 6.9 . z . 11.4. In our models,
Pop II stars are the dominant sources of ionization and heat-
ing at these redshifts. Hence it is difficult to disentangle the
SFH of Pop III stars from LOFAR data alone. On the other
hand, SKA will cover the frequency range of 50− 300 MHz
(3.7 . z . 26.4) 2 and be able to distinguish different mod-
els, e.g., the late transition in PopIId and the sharp transi-
tion in PopIIa+PopIIIb. Thus measurements of δTb via the
21 cm signal probe the SFH of Pop III and Pop II stars at
high redshift.
4 DISCUSSION
4.1 X-ray heating from black holes
In this work we have so far focused only on the X-
ray contribution from SNe. Accreting black holes (BHs)
are another viable source of X-rays that can modify the
21 cm signal (e.g., Baek et al. 2010; Mirabel et al. 2011;
Jeon et al. 2014). We approximate the contribution from
black holes assuming they accrete close to the Edding-
ton limit (Willott et al. 2010), and that the mass in BHs
is ∼ 10−3 times the stellar mass, which is the local ob-
served value (e.g., Marconi & Hunt 2003; Rix et al. 2004).
The bolometric luminosity of the BH is then LEdd =
1.4 × 1035erg s−1[Mstar/M⊙]. The above luminosity is an
upper limit given that feedback from the accreting black
hole is able to reduce the accretion close to the black
hole (Milosavljevic´ et al. 2009; Alvarez et al. 2009; Li 2011;
Park & Ricotti 2011). We take for the spectrum from the ac-
cretion disc around the black hole the following power-law
(Laor & Draine 1993; Marconi et al. 2004; Hopkins et al.
2007),
νLν ∝
{
ν1.2 for log (ν/Hz) 6 15.2
ν−1.2 for log (ν/Hz) > 15.2.
(17)
Only X-ray photons with E > 1 KeV contribute towards the
heating as softer X-ray photons mostly ionize hydrogen and
helium (Furlanetto 2006). The former consist of 1.3 × 10−3
the total energy in X-ray photons.
The evolution for δTb is shown in Figure 7. Due to
the heating by BHs, the gas temperature is higher, result-
ing in higher δTb. However, for models with efficient Pop
III star formation (PopIIIa and PopIIIb), the addition of
heating from BHs does not alter the results significantly
as the heating from Pop III supernovae dominates. In con-
trast, models PopIIa+PopIIIc and PopIId show an increase
in δTb accompanied by the additional X-ray heating. For
the model PopIIa+PopIIIc the lowest temperature changes
only slightly from δTb = −112.0 to −99.3 mK and the tran-
sition redshift from negative to positive δTb changes from
z = 7.7 to 9.1. Even for the model with the highest Pop II
star formation rate (PopIId) the minimum temperature of
δTb changes from −170.3 to −153.4 mK. Considering that
we assumed accretion at the Eddington rate on to the BHs
1 http://www.lofar.org/astronomy/eor-ksp/lofar-eor-project/lofar-epoch-reionization-project
2 https://www.skatelescope.org/technology/
our results predict that BHs will not leave a significant im-
print onto the 21 cm signal.
Recent observations indicate that the mass ratio of BHs
to stellar mass in high-redshift galaxies might be larger
than that of local galaxies (see a review by Kormendy & Ho
2013). Here we additionally investigate the case of a high
ratio with MBH/Mstar = 10
−2 which is ten times larger
than for local galaxies and predict the effects on the X-
ray background. The dashed-dotted lines shows δTb in this
case. Except for the PopIIa+PopIIIb, X-rays from BHs sig-
nificantly change the redshift histories of δTb. In the case
of PopIIa+PopIIIb, the IGM quickly changes from cold and
neutral with low stellar mass (low x-ray heating rate) to a
hot ionized state due to the rapid Pop III star formation at
z ∼ 15. Hence, without the BH X-ray heating, the IGM is
heated up to higher temperatures than that of the CMB. At
z < 15, the X-rays from BHs heat the IGM further up. How-
ever, once the temperature becomes much higher than the
CMB, δTb does not depend on the gas temperature signifi-
cantly (see equation 13). Hence the impact of BHs is smaller
than in other models. For model PopIIa+PopIIIa, the max-
imum δTb changes from 8.0 to 15.0, and the minimum δTb
goes from −151.4 to −147.0. The transition redshift also
changes from 11.5 to 14.8. In addition, for model PopIId,
the maximum δTb changes from 6.8 to 19.7, the minimum
δTb goes from −170.3 to −127.3, and the transition red-
shift goes from 10.3 to 13.5. As a result, the PopIId model
roughly shows similar redshift evolution of δTb as the mod-
els including Pop III stars due to the efficient X-ray heating.
Therefore, in the case of very high BH mass to stellar mass
ratios and Eddington limited accretion onto the black hole,
it becomes difficult to distinct the SFRD of different popu-
lations due to the addition of another heating source.
4.2 Pop III IMF
The SN heating rate for Pop III stars in our model is
∼ 17 times higher than that for Pop II stars based on our
choice of IMF slope and range. The exact form of the lat-
ter is still heavily debated (Bromm et al. 2009; Susa 2013;
Stacy & Bromm 2014), and we estimate its impact in the
limiting case of assuming both PopIII and PopII have the
same IMF. The doted lines in Figure 7 show δTb for models
where the IMF of Pop III and Pop II stars are the same,
i.e. models with lower heating rate from Pop III stars. Mod-
els PopIIa+PopIIIa and PopIIa+PopIIIb show the expected
trend of negative δTb down to lower redshifts compared
to the fiducial models. The model with the gradual evo-
lution of the Pop III star formation rate (PopIIa+PopIIIa)
only heats the IGM to the CMB temperature by z = 9
in contrast to z = 11.5 in the fiducial model. Please note
that in the “bursty” Pop III star formation rate model
(PopIIa+PopIIIb) δTb is still negative even at the point
when the Universe is reionized in this model at z = 14.
(XHII = 0.77). The higher emissivity of ionizing photons by
Pop III stars allows to ionize the IGM for lower star forma-
tion rates, respectively heating rates. The low Pop III star
formation rate model (PopIIIc) only shows slight deviations
due to the relatively small contribution from Pop III stars
at any redshift.
As shown above, the heating rate by SNe changes with
the shape of the IMF. Figure 8 shows the ratio of X-ray
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Figure 6. Redshift evolution of differential brightness temperature δTb for different models as shown in Figure 2. Blue thin solid and
dot lines represents the δTb without Lyα photons from ISM. Shaded regions show the range covered by LOFAR (z . 11.4) and SKA
(z . 26.4).
Figure 7. Redshift evolution of differential brightness tempera-
ture for different models. Solid lines are the same as in Figure 6.
Dotted lines show the case in which we assume that the Pop III
and Pop II IMF both are of Salpeter shape and range between
0.1− 60 M⊙. Dashed and Dashed-dotted lines are the results for
δTb including X-ray heating from black holes with a mass ratio
of MBH/Mstar = 10
−3 and MBH/Mstar = 10
−2, respectively.
luminosity from Pop III SN remnants to Pop II SN remnants
for varying Pop III IMF slopes, dn
dM
∝Mα, in the mass range
of 10 − 500 M⊙. It has a peak at α ∼ −1.2, and decreases
with α. The X-ray luminosity of Pop III stars is determined
by the mass fraction settling into supernova and the number
fraction between the core-collapse and pair-instability SN
(Equation 6). At α = −1.2, 0.58 per cent of stellar mass
ends in core-collapse SN, and 22.7 per cent in pair-instability
SN, resulting in the net energy of ESN = 2.2× 10
52 erg per
supernova.
Figure 9 summarises the redshift evolution of δTb for
different IMF slopes. As can be seen in the figure, the
effect is not very strong for the different models. Model
PopIIa+PopIIIa shows a slight shift towards higher redshifts
at which δTb ∼ 0 in models with shallow slope α ∼ −1. In-
terestingly, for the model PopIIa+PopIIIb the IMF slope has
only very weak impact on δTb, even though the total mass
in stars is comparable to the one in model PopIIa+PopIIIa.
This is because partially ionized and heated gas phases are
important for the 21 cm signal to distinguish the nature of
the sources, however, the IGM quickly changes from cold
and neutral state to a hot and highly ionized state. This
results in a small impact of the IMF. Thus, it may be diffi-
cult to distinguish the IMF slope of Pop III stars by the 21
cm signal alone, even if the Pop III SFR is high and their
contribution to cosmic reionization is large. However, the
insensitivity of the signal to the IMF allows to derive robust
estimates for the Pop III SFH.
In addition, the IMF of Pop III stars can control the
SFRD of Pop II and III via metal enrichment from stars
and supernovae. A higher X-ray heating model with α ∼ −1
is associated with efficient metal enrichment, resulting in
c© 2008 RAS, MNRAS 000, 1–13
Can the 21 cm signal probe Pop III and II SF? 11
Figure 8. The ratio of X-ray luminosity from Pop III and Pop
II SN remnants at the same SFR. The horizontal-axis shows the
slope of the Pop III IMF, i.e., dn
dM
∝Mα. The Pop III stars mass
ranges from 10 to 500 M⊙, and the Pop II from 0.1 to 60 M⊙
and has slope α = −2.35.
suppression of Pop III star formation (Omukai et al. 2005).
We will investigate the IMF, SFRD and the corresponding
21 cm signal in future work.
5 SUMMARY
Considering the present observational limits on the star for-
mation rate in the high redshift Universe, we generated mod-
els of Pop II and Pop III star formation that are both con-
sistent with these limits and the Thomson scattering optical
depth of the cosmic microwave background. To break the de-
generacy between these models we predict the expected 21
cm signal due to the heating of the IGM from SN remnants.
The limits on the SFR suggested by observed galaxies
require high PopIII star formation rates to match the Thom-
son scattering optical depth. The cumulative mass of Pop III
stars in this case is ∼ 106 M⊙ Mpc
−3 at z ∼ 6. Note that, in
this work, we have assumed an escape fraction of 0.5 for Pop
III stars and 0.2 or 0.5 for Pop II stars based on recent nu-
merical simulations (Yoshida et al. 2007; Wise & Cen 2009;
Yajima et al. 2011, 2014; Paardekooper et al. 2013). These
escape fractions can change the ionization history of the
IGM and depend on halo mass (e.g., Yajima et al. 2011).
If we use a high escape fraction of 0.5 for Pop II stars and
the SFRD derived from GRB observations which take low
mass galaxies below the detection limit of galaxies into ac-
count, Pop II stars alone can cause cosmic reionization and
match the recent WMAP or Planck data without the need
for Pop III stars.
Due to the different IMFs of Pop III and Pop II stars the
SN rate per solar mass of stars formed is higher in the case
of Pop III stars, as is the Lyα photons production, resulting
in a different thermal history of the 21 cm signal compared
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Figure 9. Two-dimensional map of the differential brightness
temperature. The horizontal-axis is the slope of the initial mass
function of Pop III stars, the vertical-axis shows the redshift.
to cases with Pop II stars alone. At z . 10, it is difficult
to distinguish different SFR models, because most of gas
are already ionized and heated up to temperatures higher
than the CMB. On the other hand, at z & 10, depending
on the contribution of Pop III stars to cosmic reionization,
the 21 cm signal shows very different histories. The models
with high Pop III SFR show that δTb & −50 mK at z ∼
15, while Pop II stars alone does deep absorption δTb ∼
−170 mK. Upcoming missions such as the Square Kilometre
Array (SKA) will cover redshifts up to z ∼ 20, and hence
are able to give constraints on the SFR of Pop III stars.
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As well as SNe feedback, X-rays from BHs in galaxies
can be heating sources of the IGM. We have studied the
effect of BHs on the 21 cm signal with the assumption of
the BH mass ratio to total stellar mass MBH/Mstar = 10
−3
and accretion at the Eddington rate. Our results show that
BHs could heat up the IGM, however the impact on the 21
cm signal was not so significant. In addition, we investigated
the effect of different slopes for the initial mass function of
Pop III stars. The fraction of mass ending up in core-collapse
and pair-instability SNe changes with the IMF slope. As a
result, depending on the IMF slope, the heating rate by Pop
III SNe changes. The heating rate has a peak at an IMF
slope α ∼ −1.2. Hence, for the models with high Pop III
SFR, the transition redshift that δTb goes from negative to
positive, becomes earlier at α ∼ −1.2. However, the effect
of different α is not very strong making it difficult to infer
the IMF slope by 21 cm observation even if the SFR of Pop
III stars is high.
Here, we focused on the redshift evolution of the global
21 cm signal, i.e., the spatially mean value. In general the
21 cm signal significantly changes with the distance from
ionizing/heating sources. We will study the inhomogeous
structure of the 21 cm signal by using detailed cosmolog-
ical simulations in future works.
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